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Proceedings: Second International Conference on Case Histories in Geotechnical Engineering, June 1-5, 1988, St. Louis, Mo., Paper No. 4.30

Dynamic Cross Interaction Effect on a Compressor Foundation on Piles
Surendra Kumar
Scientist, Central Building Research Institute, Roorkee, India

SYNOPSIS;
Performance study of a machine foundation for 11,000 cpm, high speed, synthesis gas
compressor has been carried out to verify the maximum amplitudes of vibrations determined from the
dynamic analysis. The frame type concrete foundation rests on a group of concrete piles. The concrete
piles are of 0.45 m dia, 17 m long, driven cast-in-situ.
The paper reports the difference in the
observed and computed amplitudes which may be due to the interaction of the neighbouring foundation
on which the another compressor is running simultaneously.
INTRODUCTION
The basic aim in the design of machine foundation is the careful engineering analysis of the
foundation response to the dynamic loads from
the anticipated operation of machine. Following
the pioneering experimental work, carried out by
the German Degebo in the early 1930s, a number
of experimental analysis and procedures were
developed and used extensively at least until
1950s.
The rapid technological advancement,
during the last few decades followed by a drastic increase in the number and size of machine
in use, demands the development of rational
methods which might replace the old emperical
rules for the design of machine foundations.
In
any industrial complex, machines operating during production shifts are many in number.
The
limitation on space does not allow larger spacing between neighbouring foundations. Generally
the foundations of these machines rests on a
common mat and on common soil.

in the size and output of the machinery more
sophisticated types of foundations had to be
devised for functional reasons.
Framed foundations are now popular for supporting high speed
machinery, on account of their many advantages,·
such as saving in space, saving in material,
easy accessibility to all machine parts for
inspection & less liability to cr~c~ing due to
settlement and temperature changes ' . For the
dynamic analysis of framed foundations, three
methods are available at present, namely, the
•resonance
method'
developed by Rausch
in
Germany, the 'amplitude method' pro~osed by
Barkan in USSR and the 'combined method proposed by Major in Hungary.
·
According to the resonance method, the primary
requirement is that foundation should be 'out of
tune' with the machine.
This means that the
natural frequency of the foundation should differ by at least 20 per cent from the operating
speed of the machine.
The natural frequency in
the vertical direction is the average of the
frequencies of individual cross-frame.
For the
calculation of vertical natural frequencies of
cross frames, the self weights and superimposed
loads on longitudinal girders are considered as
concentrated loads over columns.
For the hpr~
zontal natural frequencies, the bottom slab is
assumed to be infinitely rigid.
In this case, a
single-degree freedom system is assumed for
analysis.
The vertical frequencies may also be
computed on the basis of a two-degree of freedom
system with soil under base slab acting as an
elastic spring.

A foundation subjected to vibrations becomes a
source of wave, propagating through the soil.
This wave propagation, carrying away much of the
transmitted energy from the source, influences
the performance of the neigbouring foundation.
This interference of the vibrations, of each
foundation to the other, may be in the form of
the frequency as well as amplitude, is defined
as Dynamic Cross Interaction.
METHODS OF ANALYSIS AVAILABLE

The development in the 1950s and 1960s of the
lumped parameter models for circular rigid foundation, resting on the surface of a homogenious
elastic half-space, constituted a significant
advancement in the art of analysis and designing
of machine foundation.
The present day design
methods are guided by, Barkan type Dynamic
Winkler model, Richerts method based on Lysmer
analog.
In these models, once the characteristics of the rigid mass supported by the halfspace are known, the actual system is replaced,
for each vibration mode, by the three parameters
of a one degree of freedom system : a mass (~r
mass moment of intertia), a spring & a dashpot .

In the amplitude method for the computation of
vertical and horizontal frequencies, a twodegree of freedom system is adopted and the
analysis follows the resonance method. The main
criterion for design is that the amplitudes due
to forced vibrations are within permissible
limits.
In the combined method both the natural frequencies in vertical and horizontal vibrations are
calculated with the consideration of singledegree of freedom system. The amplitudes due to
forced vibration is kept within permissible
limits.

In the early stages of developments, high speed
machines were mounted on •wall-type foundations'
consisting of a pair of walls. With the increase
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PERFORMANCE STUDY

The actual performance of the machine foundation
was studied by measuring the displacement, velocity and acceleration of vibration at top of the
compressor foundation in vertical as well as in
horizontal directions (Fig. 1). A high sensitivity
Micro-processor based
Analyzer-Dynamic
Balancer, model 880 of IRD Mechanalysis (UK),
was used for the purpose (Fig. 2). The measurements were taken with the help of 970 model

Fig. 3 - Acceler

eter Mounted : Vertical Mode

with the bui t-in printer.
This fully microprocessor controlled qu"pment offered the hard
copy of the vibration within 25 seconds.
The
overall vibration ignal strength obtained in
the 'Filter Out' mod and filtered signals in
'Broad' and 'Sharp' modes by 101 and 5% B
respectively.
Fig. 1 - Machine and

oundation Under Study

Fig.• 4 - Accelero

ter Mounted : Horizontal Mode

The frequency of the vibration was obtained with
the analog meter and with
an alpha-numeric
display.
Th frequency of the foundation was
measured when the tun d frequency of the system
and operating frequency of tilhe foundation in the
broad mode coincides and the amplitude meter
registered the maximum amplitude. Pressing the
'VIB FRQ' button recorder, displayed the vibrating frequency on LCD.
The positions of th accelerometer in vertical
and horizontal direction are shown in Fig . 3
and 4. The displacement of the vibration at the
top of the foundation observed was in the order
of 0.032 mm in vertical direction and 0.025 mm
in horizontal direction, which was close to the
allowable limit of 0.3 mm & 0.4 mm for vert'cal
and horizonta directions respectively. Detailed
observations of acceleration, velocity and displacement are given in Table 5.

SOIL PROFILE
The top soil consist of 3 m thick brownish clayey silt underlain by 12 m thick brownish grey
clayey silt with average N value of 16. Between
15 m to 25 m there is a grey fine to medium sand
layer with high N value§ of 60 which decreases
to 30 below this depth .
Water table wa 7 m
below ground surface and internal angle of friction was around 35° with unit weight of 1.6
gm/cm3 . The bore log data is shown {Fig. 5).

Fig. 2 - Instrument used for Study
accelerometer (Fig. 2) within the filtered frequency band width of 60-60 Kcpm.
The acceleration,velocity and displacement were otained from
corresponding
channel of anolog eter. At the
point of observation on foundation, where the
vibration study was carried out, the hard copy
of the records of vibration, in terms of acceleration, veloci.ty and displacement, were obtained
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For the evaluation of Dynamic pile constants,
horizontal impact test and forced vertical and
horizontal ~ibration tests were conducted on
three piles .
The resonant frequency
for
horizontal vibration is 10 cps & the damping for
horizontal mode of vibration is 5 per cent of
the critical damping (Fig. 6). The natural
frequency of vertical
vibrations
estimated
from
the
cyclic plate load test is about 30
cps which could not be achieved in the forced
vertical vibration test (Fig. 7). Considering
the soil-pile system as a single degree massspring combination, it was concluded from a
least square fit in the frequency Amplitude
response curves that the vertical and horizontal
dynamic stiffnesses of the piles were around 196
t/cm and 19.6 t/cm respectively.
0·11.-----------------,

MACHINE SPECIFICATION
The total weight of three stage synthesis Gas
compressor including turbine was 72.4 t. Out of
this total wei6ht 1 17.4 twa~ the weight of
rotating parts.
Detailed static & dynamic load
positions are shown in Fig. 11. The maximum
operating speed of the compressor was 11000 cpm.
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For the calculation of vertical natural frequencies of cross-frames,the self weights and superimposed loads on longitudinal girders are considered as concentrated loads over columns.
For
horizontal frequencies,
the bottom slab is assumed to be infinitly rigid.
In both cases, a
single-degree of freedom modE:l (Fig. 12) is
assumed for analysis.
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FOUNDATION DETAILS
The detailed sketch of the foundation is shown
in Fig. 8 & 9. The dimension of the bottom slab
are 12.5 x 5.0 m with a thickness of 2.0 m. . Top
slab and compressor rests on six columns of 1.25
x 1.00 m cross section.
Total height of the
columns up to top slab in 9.0 m.
The foundation
is resting on a (4 x 7) group of piles of 0.45 m
dia. and 17 m length. The arrangement of piles
below the base slab is also shown in the Fig.10.
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Table 1
Frame

h

1

(m4)

(m) (m4)

(m)

2.66 8.27 0.111
2.66 8.27 0.111
2.66 8.27 0.111

A
B

c

Ab

Ic

Ib

Vertical Natural Frequencies of Cross Frames

0.164
0.164
0.164

Ac

(m2) (m2)
1.1
1.1
1.1

1.25
1.25
1. 25

The geometrical data and loading on the
frames are given in Table 1.

p

Q

N

61

62

63

64

6

fnv

(t)

(t)

(t)

(.Um)

(bm)

(.um)

(.Um)

(.um)

(cpm)

K

Total vertical displacement at centre of beam

cross-

b= 01 + 02 + b3 + b4

3 x 10 6 t/m 2
Elastic modulus of concrete (E)
2.5 t/m3
Density of concrete
11,000 cpm
Operating Speed (fm)
Frame A
Moment of inertia of frame :
0.111 m4
beam Ib
1/12 x 1 x 1.1 3
0.163 m4
column Ic
1/12 x 1 x 1.253
Area of cross-section of frame : 2
beam Ab
1 x 1.10
1.10 m
column Ac
1 x 1.25
1.25 m2
From Fig.9,
8.45 m
ho
3.00 m
lo
l.Om
X
1.05 m
z
0.33
X/lo
ho/lo = 2.82

Similarly the vertical natural frequencies were
calculated for cross-frame B and C.
Table 1
contains the vertical deflections and vertical
natural frequencies of all the frames.
Horizontal Natural Frequencies
The load carried by the frame for calculating
the horizontal frequencies is :
P+Q+2N
62.72 t, WB

bh =

(3/5)

X

6K+l

+ --

49.90 t

=

[1-r · - - x

5E.Ac

X

E.Acl2
(6K+l) 2
For frame A, B and C :

l

Abl

(6K+l)2

m/t

(oh)A=74.55bm/t,(6h)B=74.55~m/t,(bhJc=74.55um/t
Rigidity (Stiffness) factor of frame Kh = 1/bh'
Hence, (Kh) A B c =

1.34 x 104 t/m.

' '

Distance of centre of inertia from the axis
frame A (XG) is given by (from Table 2):
XG

62 = (Q1 3 /384E.Ib)x(5K+2)/(K+2) = 2.48 x 10-6m

=

x --

12E.Ic

+ ----

Deflection at the beam centre due to uniformally
distributed load (Q) :

b3

75.06 t, We

Displacement due to unit load acting horizontally along the axis of frame beam (6h)
h3
3K+2
6h
Ach
18K 2

Vertical Natural Frequency
Deflection at the centre of beam due to concentrated load (P) :
61 = (P1 3 /96E.Ib)x(2K+l)/(K+2) = 19.84 x 10-6m

to

105.63 X 10-6 m

(fnv)A = 30/J:& = 2918.96 cpm

Effective span of cross frame, l=lo-2~X=2.66m
Effective height of cross frame, h=ho-CKZ=8.27m
Frame constant K = Ib.h/Ic.l = 2.12
Static Loads on Frame
5.5 t
Beam Weight (Q)
26.5 t
Machine Weight (P)
Load from longitudinal beam on column = 9.4 t
5.9 t
One third self weight of column
15.3 t
Total load (N)

due

=

Vertical natural frequency of frame A is

For the corresponding X/1o and ho/lo the value
of ey:. (Fig. 13) is obtained as : oc. = 0.17

Deflection at the centre of beam
shearing forces :

69.16 105.63 2919.0
82.77 122.95 2705.6
55.02 78.92 3377.0

2.48 14.15
2.48 15.60
2.48 9.21

15.36 19.84
20.03 22.10
14.05 12 ..21

26.5 5.5
29.5 5.5
16.3 5.5

2.12
2.12
2.12

=~Widi/~Wi

of

= 931.81/187.68 = 4.96 m

Distance of the resultant of forces H (centre of
elasticity) from axis of Frame A (From Table 2):

the

= :2:Khi di~Khi

212.39/40.20

5.28 m

Eccentricity (e)

XG-XH = 5.28

4.96

XH

(1/E.Ab) X (P+Q/2) =14.15 x 10-6m

Axial compression of column due to vert.load (N)
1G =

84 = (h/E.Ac) x [N + (P+Q)/2] = 69.16 x 10-6 m

2

0.32 m

2970.16

~Wi.xGi

Table 2 - Horizontal Natural Frequencies
Frame

Widi

Lateral

(t)

Distance of Frames
from the Axis of
Frame A, di
(m)

(tm)

Khi X 10(t/m)

B

c

62.72
75.06
49.90

5.60
10.25

420.34
511.48

Sum

187.68

931.81

A

Total Load
wi
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XG = (XG-di)

XH = (XH-di)

(t)

(m)

(m)

13.40
13.40
13.40

75.04
137.35

4.96
- 0.64
- 5.29

40.20

212.39

Stiffnes~

1690

Khidi

X

5.28
- 0.32
- 4.97

~

Factor

Lateral deflection of upper slab
Oh =:2:Ch,crKh = 0.006/40.2 X 10 3

is given by
e 2 2Khi
2Kh ·

1

2Wi

2:Wi

ah

IG

Centrifugal forces (Cb) on beams are given
C = 0.2 x R x (fnv/fm) 2
=

~

0.11 t, (Cb)C = 0.51 t

Vertical Amplitude, av = 6v x dynamic factor,
where ov
vertival d~splacement.
cb.l3

&v =

2K+l

---X

K+2

96E.Ib

3

cb.l

5

E.Ab

h

c

[...E._]
E.Ac
2

+ -x - - +

Dynamic factor p is computed from expression,
}:1 = 1 I

[ (1

£2
- _m_)

fn~

+ ( _Q_) 2
n

f2
x

=

6h x ~

=

1.18 x 10-6 m = 0.0012 mm

The vertical natural frequency (~3400 cpm) of
the foundation, calculated from the above analysis,
is less than the operating frequency
(11 000 cpm) which indicates that the foundation
is 1undertuned'.
Horizontal natural frequency
is of the order of 500 cpm.
The calculated
vertical displacement of 0.006 mm is much less
than the observed displacement of 0.032 mm.
Model 2 : Pile- Frame lnteractionModel
Three DOF for Vertical Vibration
The same foundation was also analysed for vertical vibration, taking the effect of piles and
considering the three degree of freedom system.
The foundation is resting on a (4 x 7) group of
piles.
The model which considered for the analysis of the frame foundation is shown in
Fig.14. The mass of the machine, top slab, beam
and one third of the column is resting on the
top, the mass of the base slab and two third of
the column at middle and the mass of the piles
under respective frame is considered at the
bottom.
Stiffness of the first spring was the
beam's stiffness and for second spring column•s
stiffness and for bottom spring the stiffness of
piles was considered.
The analysis was done
considering the amplitude method proposed by
Barkan. The dynamic load was applied at the top
of the mass one.

(Rb) A = 6. 0 t, (Rb) B = 8. 7 t , (Rb) c = 2. 7 t

0.32 t, (Cb)B

m

Horizontal Amplitude,

(fn)hl = 471.78 cpm, (fn)h2 = 427.80 cpm
Vertical Amplitude
Rotating weights on cross beams (Rb) (Fig.l1)

=

6

IG

( fn) h = 3 oj~,...---±--:;
L~=o=2====~;:;:;K;::h=i=====x=_~r:H:==

(Cb)A

10 ...

Considering the maximum dynamic factor (p) 7.85,

Horizontal natural frequencies are obtained from
the expression

J-

X

IH

+ --~- + - - J = 225.3

2

0.15

~]

fn~

P0 sinw ... t

Where ~ is logarithmic decrement of damping
which is assumed as 0.4 for concrete foundation.
For under tuned foundations, i.e. fnv < fm, fnv
= fm should be used in the above formula, then :
~

=

~~~

=

7.85 (maximum)

rr/0.4

Hence, (av)A = (ov)A x M = 5.81Mm = 0.006mm
Cav)B = 1.9opm =O.OU2mm>(av)c = 0.94pm = O.OOlmm
Horizontal Amplitude
Since higher of the two horizontal natural frequencies of the upper slab (fnh = 471.78 cpm) is
lower than the operating speea of the machine
(fm = 11,000 cpm), the sum of the centrifugal
forces C caused due to rotation of the unbalanced shaft is estimated as

FIG:l4.THREE DOF MODEL FOR VERTICAL
VIBRATION
Masses and stiffnesses of each spring considered
for the model of frame 'A' were as follows :

48.33 kg-see 2 /em> Kf

mf
where

~R

=

l/6v

where &v = 13 (1 + 2K)/96E.Ib(2 + K) + 3xl/8G.Ab

Total rotating weight

Table 3 - Parameters for the Vertical Analysis Considering Three-Degree of Freedom System
Frame

Po
(t)

A
B

c

24.0
34.8
10.8

kz
kz
kz
Amplitudes (mm)
Natural Frequencies
m~
m~
6
x lo- 6
x fo- 6
x
2
2
2
(kg-sec (kg/em) (k,-sec (kg/em) (k,-sec (kg/em) alv I a2v
a3v
3
xl0- 3 !xlo-4 xlo-5 (cp;)
em)
/em)
em)
(cpm)
(c;m)
mf

48.33
58.15
36.53

I

io-

5.5
5.5
5.5

113.74
143.13
101.51

9.02
9.02
9.02

52.97
79.44
52.97
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0.72
1.04
0. 72

... 4.1
- 5.1
- 2.5

1.7
1.6
1.2

- 2.5
- 1.5
- 1.8

I I

538.2
564.5
572.6

3494.2 5139.4
3136.5 4434.5
3846.6 5342.8

The top mass is the mass of machine, mass of the
cross beam, one third mass of the column and
mass of the longitudinal girders. And the bottom
mass is the sum of mass of piles and base slab.
After analysing the foundation pile system the
deflection, rotation and natural frequencies in
the horizontal direction are obtained (Table 4).
The deflection of the top of the foundation was
0.006 mm while the observed is 0.025 mm.

Displacements, Rotations and Natural
Frequencies Considering Four DOF

Table 4

Harz. Displacement (mm) 6.3 x 10-3
Harz. Natu. Freq. (cpm)
263.56_
Rotation (mm)
1. 26 x 10 5
Rotat. Natu. Freq. (cpm) 1073.34

1.26 X lQ-S
1049.47 9
-5.9 X 10522.35

Table 5 - Comparison of Observed, Predicted and Permissible Amplitude
Frame

Predicted Displacement

Observed Parame.ters
Acceleration,Velocity,Displacement
(x g)
(mm/sec)
(mm)

Vertical

A
B

Horizontal

c

o. 79
1.28
2.30
0.55

1. 50
1. 84
1.04

0.23

G = Modulus of Rigidity of Concrete
Hence, Ky
5.5 x 10 6 kg/em
m~
113.74 kg-Sec 2 /cm

K~
m~

0.038
0.032
0.028
0.025

Single DOF
(mm)
0.006
0.002
0.001
0.001

9.07 x 10 6 kg/em
52.97 kg-sec 2 /cm
2E.Ac/h =

7.19 x 105 kg/em
=Modulus of Rigidity of Soil
= 150 kg/em 2
To consider the group effect of piles, 42 per
cent of the total stiffness of the piles under
respective frame was taken.
Gs

m~
Kf

Lateral stiffness of frames = 4.02xl05kg/cm

l. IS~2974 (Pt.III)-1979,

2.
3.
4.
5.
6.
7.
8.

Kf=Rotational stiffness of frames=l.l2xlo11kg/cm
K~

= Lateral

9.

stiffness of piles = 5.5 x 105kg/cm

K~ =Rotational stiffness of piles =4.0lx106kg/cm
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0.004
0.005
0.003
0.006

(mm)
0.02
0.02
0.02
0.04

-

0.03
0.03
0.03
0.05

Author is grateful to Dr.R.K.Bhandari (CBRI) and
Dr.S.Bandyopadhyay (UOR) for their guidance and
encouragement. Thanks are also due to S/Shri C.
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observations & Shri S. Giri for Word Processing
the document. The paper is being published with
kind permission of the Director, CBRI, Roorkee.
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The minimum dynamic force was taken as the four
times the rotating weight on the corresponding
frame 4 . After analysing the individual frame the
na·tural frequencies & amplitudes were obtained.
Each parameter and results are presented in
Table 3. The maximum displacement of the top of
the foundation obtained with three DOF is 0.005
mm which is less than the displacement of 0.006
mm, obtained with single DOF system.
Natural
frequencies of this mode are also away from the
natural frequency obtained in single DOF.
Four DOF System for Horizontal Vibration
For analysing the foundation in horizontal mode
of vibration the system was considered as four
degree of freedom for the whole foundation not
for individual frame. The upper & lower foundation slabs are assumed to be infinitely rigid
and the column and piles act as leaf-springs.
Each mass will undergo the lateral movement and
rotation as well.
The lateral and rotational
stiffnesses of frames and piles are g~ven below:
mr
141.01 kg-sec 2 /cm
491.59 kg-sec 2 /cm

':1ulti DOF
(mm)

CONCLUSIONS
Simplified lumped mass spring model analysis is
very convenient method for routine design work.
Basic presumptions in these models are foundation-soil system is isolated from neighbouring
sources. Difference in observed & calculated
amplitudes (Table 5) emphasises the limitation
of these methods.
Whenever spacing between the
adjacent foundation blocks are not sufficient
for significant geometric damping, transmitted
energy from neighbouring source will always be
superposed on performance of foundation. Consideration of this is more needed when the operating frequency of the neighbouring source comes
closer to natural freauency of foundation block.
This may be concluded that Dynamic Cross Interaction effect is the field of further research.
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